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H I G H L I G H T S
• The economic and environmental im-
pact of solar district heating systems is
studied.• Multi-objective optimization is carried
out in a wide range of EU climate
zones.• A solar fraction above 90% can be
achieved for all proposed EU climate
zones.• High environmental performance is
realized in solar district heating sys-
tems.• The future fuel prices growth supports
the solar district heating economic-
ally.
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A B S T R A C T
Aligning with the ambitious EU 2030 climate and energy package for cutting the greenhouse emissions and
replacing conventional heat sources through the presence of renewable energy share inside efficient district
heating fields, central solar heating plants coupled with seasonal storage (CSHPSS) can have a viable con-
tribution to this goal. However, the technical performance variation combined with inadequate financial as-
sessment and insufficient environmental impact data associated with the deployment of those innovative district
heating systems represents a big challenge for the broad implementation of CSHPSS in Europe. In this context,
our paper presents a comprehensive evaluation for the possibility of integrating CSHPSS in the residential sector
in various EU member states through the formulation of a multi-objective optimization framework. This fra-
mework comprises the life cycle cost analysis for the economic evaluation and the life cycle assessment for the
environmental impact estimation simultaneously. The technical performance is also considered by satisfying
both the space heating demand and the domestic hot water services. The methodological framework is applied to
a residential neighborhood community of 1120 apartments in various EU climate zones with Madrid, Athens,
Berlin, and Helsinki acting as a proxy for the Mediterranean continental, Mediterranean, central European, and
Nordic climates, respectively. The optimization results regarding the energy performance show that the CSHPSS
can achieve a renewable energy fraction above 90% for the investigated climate zones. At the same time, the
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T
environmental assessment shows significant improvement when using the CSHPSS in comparison to a natural
gas heating system, in those cases the environmental impact is reduced up to 82.1–86.5%. On the other hand,
substantial economic improvement is limited, especially in the Mediterranean climate zone (Athens) due to low
heating demands and the prices of the non-renewable resources. There the total economic cost of the CSHPSS
plants can increase up to 50.8% compared to a natural gas heating system. However, considering the incremental
tendency in natural gas prices all over EU nowadays, the study of future plant costs confirms its favorable long-
term economic feasibility.
Nomenclature
ACOL total aperture area of solar collectors (m2)
C(x0) production cost of a CSHPSS plant at a reference point
(€/MWh)
C(xt) production cost of a CSHPSS plant at a certain time
(€/MWh)
CAPk design variable of equipment unit k
CAUX annual operational cost of auxiliary heaters (€)
CC total initial capital cost of a CSHPSS plant (€)
CEPCI year A chemical engineering plant cost index in the base year
CEPCI year B chemical engineering plant cost index in the installation
year
CM annual cost of equipment unit k (€)
CO total discounted operational cost (€)
CP annual operational cost of a pump (€)
cp specific heat capacity (kJ/kg·K)
CR total discounted replacement cost (€)
d annual discount rate (%)
DAMd indicator result for damage category d
FBMk bare module factor of equipment unit k
fc(x) original objective function [NPC(x) or RCP(x)]
f̅c(x) normalized objective function [NPC(x) or RCP(x)]
fm maintenance factor
fPN(x) pseudo nadir point
fUT(x) utopia point
i annual inflation rate (%)
IMPe indicator result for endpoint impact category e
LCIiMP life cycle inventory of the elementary flow i related to the
manufacturing process
LCIiOP life cycle inventory of the elementary flow i related to
operation activities
LCIiTOT total life cycle inventory of the elementary flow i
LCIiTR life cycle inventory of the elementary flow i related to
transportation
LR learning rate
ṁDHW mass flow rate of the fluid in the DHW distribution circuit
(kg/s)
ṁSH mass flow rate of the recirculated fluid in the SH dis-
tribution circuit (kg/s)
Mc big-M values used in the reformulated optimization model
NPC net present cost (€/MWh)
PECk purchase cost of equipment unit k (€)
PVFn present value factor of a single future cash flow at the
beginning of the nth time period (-)
PWFn present worth factor of periodic future cash flows (-)
Q̇AUX duty of auxiliary heater (MW)
QDHW total energy supplied by a domestic hot water tank (MWh)
QDHW load total domestic hot water heating demand (MWh)
QSH load total space heating demand (MWh)
QSST total energy supplied by seasonal storage tank (MWh)
RCP ReCiPe 2008 aggregated impact factor (Pt/MWh)
SFDHW annual solar fraction for the DHW distribution circuit (%)
SFSH annual solar fraction for the SH distribution circuit (%)
VDHW volume of the domestic hot water tank (m3)
VSST volume of the seasonal storage tank (m3)
WS(x) weighted-sum objective function (-)
x continuous variables of the simulation model
x0 capacity at the reference point (MW)
xL lower bounds of the continuous variables of the simulation
model
xt capacity at a certain time (MW)
xU upper bounds of the continuous variables of the simulation
model
yc binary variable used in the reformulated optimization
model
Greek symbols
αCF factor of contingency fees (-)
αk purchase cost coefficient of equipment unit k
βk purchase cost exponent of equipment unit k (-)
δd normalization factor for damage category d
ΔTDHW temperature difference between the extracted and re-
placed water inside the DHWT (°C)
ΔTL temperature difference between the exit and entrance of
the auxiliary heater (°C)
ΔTSST temperature difference between the extracted and re-
placed water inside the SST (°C)
εd weighting factor for damage category d
θei characterization factor that connects the elementary flow i
with endpoint impact category e
λ non-negative weight for the weighted-sum method
Abbreviations
AUX auxiliary heater fueled by natural gas
COL field of solar collectors
CSHPSS central solar heating plant coupled with seasonal storage
DHW domestic hot water
DHWT domestic hot water storage tank
GHG greenhouse gas
GenOpt generic optimization program
GPSPSOCCHJ hybrid generalized pattern search with particle
swarm optimization with construction coefficient and
Hooke-Jeeves algorithms
HE heat exchanger
HJ Hooke-Jeeves algorithm
LCA life cycle assessment
LCC life cycle costing
MOO multi-objective optimization
P centrifugal pump
PSO particle swarm optimization algorithm
SH space heating
SST seasonal storage tank
TES thermal energy storage
TRNSYS transient system simulation program
Indices
c objective function
d damage category
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1. Introduction
The global tendency for changing the world energy map is a
booming topic, and more efforts should be scaled up to shift the current
energy production systems towards the use of cleaner and less carbon-
intensive sources. Currently, fossil fuels share about 80% of the primary
energy use [1]. The International Energy Outlook [2] forecasts a sig-
nificant increase in the world energy demand over the next decades. It
is projected that global energy consumption will evolve by 48% in 2040
with a growth in the usage of crude oil and natural gas by 30% and
53.2%, respectively. This outlook trend leads to serious environmental
problems such as more greenhouse gas (GHG) emissions and the sub-
sequent impact on the climate [3].
Europe is one of the relevant players in this scenario contributing
21.6% to the overall energy consumption [4]. Additionally, in the
European Union (EU) the building stock accounts for about 40% of the
total energy demand [5], while the residential sector consumes 63% of
this energy [6]. According to estimations of the US Energy Information
Administration (EIA) [2], the energy consumption demand for the re-
sidential section in the EU increases by an average of 0.9% per year.
Along with all of these figures, the residential buildings are the fourth
most important source of GHG in the EU, and it accounted for about
10% of the total GHG in 2016 [7]. In response to this challenge, the EU
has adopted the 2020 climate and energy package [8] which includes
requisite legislation to tackle the environmental concerns and support
the energy security and independence. The package sets three main
targets: (i) reduce by 20% the GHG emissions compared to the 1990
levels, (ii) increase the renewable energy share and (iii) improve its
energy efficiency by 20%. In 2013, the EU approved a new ambitious
framework for the climate and energy between 2020 and 2030. This
strategy plans to cut the GHG emissions by 40%, to achieve a share of at
least 27% of renewable energies, and to improve the energy efficiency
by at least 27% [9].
Among all of the renewable energy resources, the solar thermal
energy obtained considerable attention since it is a CO2 neutral and it
can be used for both space and water heating [10,11]. It was reported
that solar thermal technologies could substantially satisfy the heat de-
mand in the residential sector in many countries [12]. Furthermore, it
has several advantages which include [13] (i) savings in the primary
energy consumption at the end user and country planning level, (ii)
increase in energy security against the fluctuations in the prices of the
conventional energy resources, (iii) decrease the dependency on the
electricity from the network, and (iv) contribute to the network stabi-
lization. These solar thermal energy systems continue to increase their
market share across whole Europe. More than 1.2 GWthermal was in-
stalled within 2015 to raise the total installed capacity to 34.4
GWthermal [14].
However, the solar thermal systems are facing a significant chal-
lenge of intermittency and predictability, which cause a gap between
the supply and the energy demand [15,16]. The thermal energy storage
(TES) systems can effectively solve this issue [17]. There are three main
categories of the TES. These categories include the sensible TES through
a temperature gradient, the latent TES based on the phase change
materials, and the thermo-chemical TES through chemical reactions
[18]. Currently, sensible storage is the most common system to be used
in the residential sector, while latent and chemical systems are pro-
mising technologies under development [19].
The specific heat and energy density are the two main character-
istics that evaluate the thermal capacity of the sensible TES. Besides
thermal capacity characteristics, the TES cost also has a vital role in the
selection process. Therefore, water, rock material, and soil/ground are
the usually employed storage media in sensible TES systems. The en-
ergy storage in the sensible TES systems can be classified into long-term
(seasonal) and short-term (diurnal) [20]. The main difference between
these two systems is the solar collector and storage volume sizing where
the investment per square meter of collector area is almost doubled in
the long-term seasonal storage systems [21]. In addition to that, sea-
sonal storage is always coupled with an auxiliary heater to cover the
shortage in supply [22]. On the contrary, short-term storage allows
direct usage in the heating district network.
The solar district heating system coupled with sensible seasonal
storage has been subjected to several investigations, and it has already
been introduced as a feasible alternative. Initially, in the 1950s, Speyer
[23] assesses theoretically the potential of the central solar heating
plant coupled with seasonal storage (CSHPSS) to benefit from the excess
of solar energy in summer during the winter period. The first proof of
concept for this system was developed in Sweden in the 1970s to ad-
dress the energy shortage crisis [24], followed by Denmark and Ger-
many in the 1990s [25]. Since then, the market for solar heating plants
has grown throughout Europe [26], particularly in Northern and Cen-
tral European countries. During 2016, 37 large heating plants were
installed in Europe compared to 21 new installed in 2015. Within these
installations, 31 systems were added to the Denmark district heating
networks, four systems in Germany, one system in Sweden and one
system in France [27]. In the southern European countries, some po-
sitive signs of growth of solar thermal energy are noticed from Spain
and Greece. These evolution signs are due to the legislation imposed by
the governments to scale up the utilization of renewable energy tech-
nologies [28].
Several research entities such as the IEA’s Task 32 and Task 45 [29]
has paid attention to the solar district heating energy systems. Ad-
ditionally, numerous articles discuss the principal methods available for
the seasonal storage of the central solar heating system. Xu et al. [30]
and Rad and Fung [31] presented an extensive review on the solar
district energy system and its different types of TES. Shah et al. [32]
conducted a comparative review to demonstrate the potential con-
tribution of different TES options with a goal of building a decision
support flowchart for the selection of TES based on the required ap-
plication. In this context, Sibbitt et al. [33] and Antoniadis and Marti-
nopoulos [19] developed several useful guidelines for the design of the
CSHPSS. Rehman et al. [34], and Rämä and Mohammadi [35] con-
ducted investigations toward the different options for community-sized
solar thermal storage system configurations for the Nordic European
climate zones. Also, Rad et al. [36], and Panno et al. [37] assessed the
techno-economic promising performance of the seasonal solar thermal
storage in the residential sector. Finally, Ciampi et al. [38] demon-
strated its environmental potentials.
In order to maximize the benefits from the centralized solar heating
plants with seasonal storage in the residential sector, the optimal sizing
of the system components and their operation should be adequately
planned. This process can turn into a computationally requesting task.
Li et al. [39] explored the optimal operation strategy for the CSHPSS
based on the orthogonal schedule using real data. Durão et al. [40] and
Rehman et al. [41] lean towards optimizing the design parameters of
CSHPSS for different locations from an economical point of view using
Genetic Algorithms, whereas Hirvonen et al. [42] also consider the
community size effect. Buoro et al. [43] formulated a Mixed Integer
Linear Programming (MILP) approach for optimizing the CSHPSS plant
e endpoint impact category
i elementary factor
k equipment unit
Sets
IDd set of endpoint impact categories e that contribute to da-
mage d
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together with a conventional power unit for a large district heating
network. Recently, several studies emphasized on the importance of
taking into account the techno-economic parameters and the environ-
mental impact simultaneously which expands the optimization ap-
proach for designing a new CSHPSS plant from a single objective op-
timization to a multi-objective optimization (MOO) problem. Tulus
et al. [44] proposed a systematic MOO approach for designing CSHPSS
plants based on a generic optimization tool according to economic and
environmental indicators. The optimization of the environmental in-
dicators become especially important as the main impact weight shifts
from the fossil fuel consumption to the materials used for the installa-
tion of the system. Equally, Pavičević et al. [45] demonstrated a long-
term MILP optimization model based on SCIP (Solving Constraint In-
teger Program) solver for district heating systems. This model is capable
of handling the operation strategy and system component sizing in the
planning and evaluation process with considerations for the cost and
the environmental impacts throughout the project lifetime. In addition,
Welsch et al. [46] proposed an MOO approach for investigating solar
district heating systems under various economic and environmental
boundary conditions. Projection of the results promotes the influence of
CSHPSS in increasing the feasibility of renewable energy technologies
in the building sector.
Even though the tendency of the CSHPSS plants is promising, a
range of potential barriers (technical, financial and administrative) are
still obstructing the wide deployment of CSHPSS in Europe. One of the
most important challenges associated with the CSHPSS is the significant
performance variations. According to several large-scale seasonal en-
ergy storage systems, the solar fraction of the plants has a quite wide
variation [47] which suggests a high degree of variation in the quan-
tifiable costs and benefits. In German and Spanish CSHPSS projects
[31,36] the combination of seasonal heat storage with a central solar
heating system enables solar fractions of over 50%. While in a CSHPSS
project for a residential area in Alberta (Canada) 97% of solar fraction
was achieved in the fifth year of operation [33]. A simulation study for
district solar heating combined with seasonal borehole storage in Hel-
sinki showed that high solar fraction of 96% is feasible [48]. Besides the
performance variation, the high capital costs of this technology re-
present a challengeable barrier and make it more difficult to obtain the
required funding [49,50]. Also, there are primarily political and legal
barriers which include: lack of a standardized model of the system
which could help the European 2030 climate and energy framework
achieve its targets; the sudden change in the renewable energy legal
framework in some EU countries such as Spain [51]. All these technical,
economic and legal barriers promote high variation in quantifying the
CSHPSS benefits over its lifetime and add more difficulties for the EU
members to state their forecast plans for future deployment of the
CSHPSS in district heating fields.
Aligning with the challenges facing the wide deployment of CSHPSS
in Europe combined with the ambitious EU 2030 climate and energy
package for cutting the greenhouse emissions and increasing the share
of renewable energies. The potential evaluation of a refurbished or a
new solar district heating system requires not only its technical speci-
fication but its potential contribution when integrated into the end-user
supply network taking into account the renewable source availability
during various seasons of the year and the weather and ground con-
ditions [52]. Thus, such issues call for developing an adaptive metho-
dological framework to the local weather conditions [53].
Due to the complexity of the CSHPSS design and its inconsistencies
in the energy production combined with the challenges associated with
its economic and environmental impact. The novelty in this work is to
develop a methodological framework that supports the climate and
energy goals of the EU through a comprehensive analysis for the
techno-economic advantages and environmental impacts of CSHPSS
plants in various EU member states with a comparison to a conven-
tional heating system using natural gas as the primary heat source. In
this context, a simulation-optimization methodology is developed with
a detailed simulation of the CSHPSS plant performance using TRNSYS
18 software [54] considering seasonal and short-term storage systems
and their respective load profiles based on the explored climates. Then
a multi-objective optimization is performed by an external generic
optimization toolbox (GenOpt [55]). The proposed methodology can
serve as a supportive tool for decision-makers helping them assess the
potential of the CSHPSS plants in Europe and subsequently, promote a
clear statement towards the possibility of achieving the 2030 European
climate and energy framework targets.
The article organization is the following: in Section 2 a general
overview of the CSHPSS system is provided. The mathematical for-
mulation of the simulation-optimization methodology together with the
mathematical basis of the CSHPSS market forecasting is provided in
Section 3. Section 4 describes the application of the methodology to
four EU climate zones, and Section 5 offers the necessary results and
discussions. Finally, the conclusions of the work are presented in
Section 6.
2. Overview of the CSHPSS system
Central solar heating plants with seasonal thermal energy storage
are designed to fulfill energy demands for space heating (SH) and do-
mestic hot water (DHW) in a residential sector (see Fig. 1). Usually,
these systems are designed to supply district heating for more than 100
apartments with a solar fraction of approximately 50% [56]. The main
components of the CSHPSS system are the thermal solar collector, the
seasonal storage tank (SST), and the DHW storage tank (DHWT). The
solar collector transfers the heat gained from the solar radiation to the
storage tanks which is then supplied to the customer on demand. The
mismatching between the energy supply and demand in the daily and
seasonal bases is balanced through the storage tanks. Auxiliary natural
gas heaters are installed to back up the required heat demand in case
the solar heating system failed to cover it.
The SST facilitates long-term storage of thermal energy used to
cover the SH demand during a winter season with solar energy stored
during a summer period. The long-term storage implies relatively large
dimensions for the SST which favors slow charging and discharging
processes. On the other hand, the DHWT is a short-term independent
storage tank which is used to cover the daily DHW service at a tem-
perature of 60 °C.
The proposed CSHPSS system is divided into four circuits, three of
them are closed: solar field circuit, seasonal storage circuit, and SH
distribution circuit; and the last one, DHW distribution circuit, is open
(i.e., fed from the water main) as shown in Fig. 2. The water-glycol
mixture is the primary heat transfer fluid in the solar field circuit. The
solar energy is collected through the field of solar collectors (COL), and
a centrifugal pump (P1) impulses the fluid to reach the heat exchangers
(HE1) and (HE2). These heat exchangers connect the solar field circuit
to the seasonal storage circuit or DHW distribution circuit depending on
the selected control mode through Y-type valves. The heat exchangers
separate the solar field circuit from the SST and DHWT to protect the
solar collectors from damage [57].
In the DWH operation mode (priority 1) the monitored variables are
the average DHWT temperature and the COL output temperature. Once
the mode is triggered, the centrifugal pumps P1 and P4 are activated,
and the water is sent towards the DHWT through HE2. A natural gas
boiler AUX2 is installed to cover any occasional shortages in the thermal
energy supply to the DHW network. Two Y-type valves regulate the
water temperature which arrives at the DHW network through the
mixing of fresh water from the water main with the hot water coming
from the AUX2.
In the SH operation mode (priority 2) the monitored variables are
the SST temperatures, the average DHWT temperature, and the COL
output temperature. Once the average DHWT temperature hits its set-
point and the COL output temperature is higher than the SST bottom
temperature, the mode is activated by starting pumps P1 and P2 and
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allowing the heat transfer through HE1 in order to charge the SST.
During the heat demand period, a variable speed pump P3 impulses the
cold water to the bottom of the SST and discharges the hot water to the
HE3 that connects the seasonal storage circuit to the SH distribution
circuit. Downstream the HE3 a natural gas boiler AUX1 is installed. This
boiler operates when the SST cannot reach the setpoint. The combi-
nation of two Y-type valves regulates the water temperature arriving at
the heating network through back-mixing of the returned water from
the network with the hot water coming from the AUX1.
Beside these two operation modes, the simultaneous SH and DWH
mode (priority 3) is also established and regulated based on the con-
trolling system when the conditions of the two previous modes are
satisfied.
Additional control loops regulate the operation of the Y-type valves
in the SH and DHW distribution circuits in order to maintain the es-
tablished setpoints at the entrances of the heating and DHW networks.
3. Methodological framework
Our simulation-optimization approach [58–60] incorporates the
evaluation of a CSHPSS plant performance at various EU locations and
the definition of a set of optimal configurations of the plant from both
techno-economic and environmental aspects simultaneously. Thus, the
proposed methodology is a multi-objective optimization problem. The
transient performance of the CSHPSS plant is modeled in TRNSYS 18,
simulation software which allows interconnecting available standard
equipment units to obtain more complex systems. The optimization is
performed externally using a generic optimization toolbox, GenOpt.
Fig. 2. Process flow diagram of the CSHPSS plant simulated in TRNSYS 18, where COL is the field of solar collectors, SST is the seasonal storage tank, DHWT is the
domestic hot water tank, AUXi are the auxiliary heaters, HEi are the heat exchangers, and Pi are the centrifugal pumps.
Fig. 1. Overview of the central solar heating system with long and short-term storage tanks coupled to a district heating network.
V. Tulus et al. Applied Energy 236 (2019) 318–339
322
The first subsection of the methodology illustrates the developed
TRNSYS model and its input and output data. The second subsection
shows the techno-economic and environmental criteria for assessing the
proposed CSHPSS. Finally, the third subsection dives deeper into the
optimization framework itself and the implemented algorithm.
3.1. TRNSYS simulation model
TRNSYS 18, transient simulation software, is employed to analyze
the dynamic behavior of the proposed CSHPSS. The software operates
by solving partial differential equations of the mass and energy bal-
ances within previously defined boundaries.
The dynamic nature of the program intends to offer a realistic si-
mulation of the CSHPSS plant. On the other hand, to reduce the com-
putational cost, the model is simulated over a typical year of operation,
and the solution is extrapolated over the plant lifetime assuming same
climatic conditions and demand profiles year after year.
The proposed simulation model follows the models previously de-
veloped by Guadalfajara et al. [61] and Tulus et al. [44] with mod-
ifications to include the DHW distribution circuit and a more sophisti-
cated controlling loop. See the information flow diagram presented in
Fig. 3 for details about the individual components (called Types inside
the software) used in TRNSYS. Each type has three main information
boxes which include the component-specific parameters, input vari-
ables, and output variables.
The main types used in our CSHPSS model are: flat plate solar
collectors (Type 1a) with an optical efficiency of 0.817, heat loss
coefficient of 2.205W/m2·K; sensible storage tanks (Type 4c) with heat
loss coefficient of 0.06W/m2·K and 0.3125W/m2·K for the SST and
DHWT, respectively; counterflow heat exchangers (Type 5b) with
overall heat transfer coefficient of 3931W/m2·K; and auxiliary heaters
(Type 6) with an efficiency of 93%. The secondary model types are:
single speed centrifugal pumps (Type 3b), inlet and outlet pipe ducts
(Type 709), three-way valves (Type 11 h), controlled flow diverters
(Type 11f), tempering valves (Type 11b), soil temperature profile for
the SST (Type 77), weather data processor (Type 15-3), time-dependent
forcing functions for the heating and DHW demand profiles (Type 9c),
and controllers (Type 2b).
3.2. Evaluation criteria
Several evaluation criteria were formulated in order to quantify the
CSHPSS performance.
3.2.1. Technical criteria
The technical evaluation of the dynamic behavior of the CSHPSS
plant is described through several parameters that include the energy
supplied by the SST, DHWT, and auxiliary boilers.
The storage tank has a vital role in the CSHPSS plant performance.
Thus, the energy provided by the fully stratified seasonal and DHW
storage tanks are described in Eqs. (1) and (2), respectively [62]:
=Q m c TSST t SH p SST0 (1)
=Q m c TDHW t DHW p DHW
0 (2)
where ṁSH and ṁDHW are the mass flow rates of the recirculated water
inside the SH and the DHW distribution circuits, respectively, cp is the
specific heat capacity, ΔTSST and ΔTDHW are the temperature differences
between the extracted and replaced water at storage tanks to cover the
SH and DHW load, respectively.
Auxiliary boilers are utilized to cover the SH demand and the DHW
demand when the solar system is unable to reach the set temperature
point. The auxiliary energy rate supplied to the SH and DHW networks
Fig. 3. Information flow diagram of the CSHPSS system modeled in TRNSYS 18 with the representation of the software components and their interconnections.
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can be expressed as shown in Eqs. (3) and (4), respectively [63]:=Q m c TAUX SH p L1 (3)
=Q m c TAUX DHW p L2 (4)
where ΔTL is the temperature difference between the exit and entrance
of the auxiliary heater.
Annual solar fraction [64,65] for the SH and DHW distribution
circuits are introduced as technical performance indicators. These in-
dicators can be computed using Eqs. (5) and (6) as a function of the
heating network demand (Qheating load), and the DHW network demand
(QDHW load).
=SF Q
Q
1SH
t
AUX0 1
heating load (5)
=SF Q
Q
1DHW
t
AUX0 2
DHW load (6)
3.2.2. Economic criteria
In the current study, the economic evaluation of the CSHPSS system
follows the work of Tulus et al. [44] which is carried out based on the
life cycle costing (LCC) methodology [62,66].
The LCC methodology is a valuable monetary approach for assessing
the energy system designs in terms of the initial purchase cost and the
operational costs throughout the expected lifetime of the system. The
LCC perspective in the early stages of design empowers the decision-
makers to deeply comprehend the lifetime costs of the system [45], and
subsequently enhance the possibility of an additional reduction in the
system operational cost even if more investment cost is required [67].
The main principle of the LCC methodology is the future cost ap-
proach. Its feature is to discount the summation of all expenses during
the lifetime of the system to its present value where the net present cost
(NPC) can be estimated by adding the initial capital cost (CC), the op-
erational cost (CO) and the total replacement cost of the equipment
(CR):= + +NPC C C CC O R (7)
3.2.2.1. Initial capital cost. The initial capital cost is the investment cost
at the project starting point. It takes into consideration the actual
equipment cost, the installation labor, and transportation costs along
with any possible contingency expenses:= +C PEC FBM(1 ) ( · )C CF
k
k k (8)
where PECk is the initial purchase cost of equipment unit k, FBMk
denotes the bare module factor, which represents the installation labor
and transportation costs, and αCF denotes the contingency fees factor.
The PECk is brought from the base year (year A) to the year of in-
stallation (year B) using the Chemical Engineering Plant Cost Index
(CEPCI) [68] as follows:
=PEC PEC CEPCI
CEPCI
kk k
yearA
yearB
yearA (9)
The initial purchase cost of equipment unit k at year A can be es-
timated as shown in Eqs. (10) and (12) [69–72]:= =PEC CAP k COL SST DHW AUX, , ,kyearA k k k (10)
= =PEC CAP k HE HE·10 ,kyearA k k CAP[ (log ) ] 1 2k k k10 (11)
= + =PEC CAP k P P P Pln
1000
, , ,k
yearA
k
k
k 1 2 3 4 (12)
where αk and βk are the equipment purchase parameters of unit k and
CAPk is the design variable of unit k. In the current study, the design
variables are the solar collector area (ACOL), the volume of the storage
tanks (VSST, VDHW), the capacity of the auxiliary heaters (AUX1, AUX2),
the effective heat transfer area of the heat exchangers (HE1, HE2, HE3)
and the mass flow rates of the pumps (ṁ1, ṁ2, ṁ3).
3.2.2.2. Operational cost. The operational cost refers to the sum of all
the annual operating costs such as maintenance costs of the different
equipment units and facilities, the consumption of electricity by
hydraulic equipment and the consumption of natural gas by auxiliary
heaters. It can be expressed as follows:= + +C C PWF C PWF C PWFO M M P P AUX AUX (13)
where CM, CP, and CAUX represent the annual maintenance cost,
hydraulic equipment (i.e., pumps) and auxiliary consumption costs,
respectively. The present worth factor (PWF) counts for the time value
of money considering the inflation rate (i), the discount rate (d), and the
lifetime of the proposed system (Ne) as expressed in Eq. (14):
= =
+
+
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3.2.2.3. Replacement cost. Several equipment units in the CSHPSS plant
have a high depreciation rate and subsequently, need to be replaced
during the plant operation. These units are the field of solar collectors,
the heat exchangers, and the auxiliary heaters. The replacement cost
can be expressed as shown in Eq. (15) with consideration for the present
equipment value:=C PVF PEC FMB( · )R n
k
k k (15)
where PVFn is the present value factor of future cash flow at year n, and
it can be expressed as follows:
= ++PVF id(1 )(1 )n nn (16)
3.2.3. Environmental criteria
The LCC is purely based on an economic approach not considering
the environmental performance of the CSHPSS plant. In this context,
the environmental impact is assessed by using the life cycle assessment
(LCA) methodology. This methodology enables a comprehensive esti-
mation of the local environmental impacts by analyzing the product
lifecycle from a global perspective. Thus, LCA assesses the product
based on the “cradle-to-grave” concept [73] taking into account a range
of environmental categories. The LCA methodology was standardized
through ISO 14040 series [74–76], and it comprises four main phases
which trail a specific sequence: goal and scope definition, inventory
analysis, impact assessment, and interpretation. These phases are de-
picted in details in the next subsections as mentioned previously by
Guillén-Gosálbez et al. [77].
3.2.3.1. Goal and scope definition. This phase comprises three main
scopes: the system, its boundaries, and the functional unit. In the system
boundary, the entire product life cycle should be analyzed (“cradle-to-
grave” concept). However, this study focuses on the CSHPSS plant
itself, which is connected to an existing district heating network.
Therefore, the system boundary would be drawn based on the
“cradle-to-gate” concept with exclusion for the end user distribution
networks, that is, from the extraction of raw materials for equipment
units manufacturing to delivery of hot water to the district heating
network. The functional unit in this study is the energy amount
demanded by the end user in order to cover his heating and hot
water necessities over the entire time horizon.
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3.2.3.2. Inventory analysis. Inventory analysis is the second phase in
the LCA sequence which quantifies the input and output materials and
the energy consumption associated with the CSHPSS plant construction
and operation. In the current problem, several sources of impact are
considered: equipment manufacturing and utility energy consumption
(natural gas and electricity) by the system during the whole lifetime
(LCIiMP); transportation to the site of material and finished equipment
units (LCIiTR); plant operation during the entire time horizon (LCIiOP).
These resources consumption associated with the whole elementary
flows during its lifetime has been retrieved from the Ecoinvent 3.0
database [78]. Mathematically, the inventory entries can be expressed
as follows:= + +LCI LCI LCI LCI iiTOT iMP iTR iOP (17)
where LCIiTOT is the total life cycle inventory associated with the ele-
mentary flow i. LCIiMP, LCIiTR, and LCIiOP refer to the manufacturing
processes, the transportation tasks and the plant operation associated
with the elementary flow i, respectively.
3.2.3.3. Impact assessment. In this phase, the inventory data are
translated into environmental impacts. As mentioned previously,
three different damage categories include the human health, the
ecosystem, and the resources damages based on the ReCiPe 2008
framework [79]. The characterization of the promoted framework has
been carried out based on the endpoints level not considering the
midpoints. Mathematically, the impact values associated with each
impact category can be expressed as follows:=IMP LCI e·e
i
ei i
TOT
(18)
where θei denotes the characterization factor which links the
elementary flow i with endpoint impact category e.
Finally, the endpoint impact categories e are aggregated into da-
mage categories (DAMd), which are further normalized and aggregated
into a single final indicator RCP as stated in Eqs. (19) and (20):=DAM IMP dd
e ID
e
d (19)
=RCP DAM d
d
d d d (20)
where IDd represents a set of endpoint impacts e that contribute to the
damage category d, RCP is the ReCiPe 2008 aggregated metric, and δd,
εd are the specific normalization and weighting factors, respectively.
The normalization factors are estimated based on the damage calcula-
tions for relevant European land uses, emissions and extractions [80],
whereas the weighting factors are specified based on the recommended
values defined in the ReCiPe 2008.
3.2.3.4. Interpretation. This phase provides an analysis of the results in
addition to a set of recommendations that assist in improving the
system performance. In this context, the environmental impact
indicator RCP for different design alternatives is coupled with the
LCC methodology which uses NPC for evaluating the future cost
through a multi-objective optimization algorithm. This framework
assists in optimizing the economic and environmental impacts
simultaneously. As a result, a set of Pareto optimal solutions is
obtained which give further insight into different design alternatives,
and subsequently promote various solutions for the decision-makers
that best fit their legislation.
3.2.4. Future market development criteria
In order to try to anticipate the future development of the CSHPSS
technology in monetary terms taking into consideration the actual ef-
fect of the technology deployment, we performed a CSHPSS market
projection up to 2030 [81–83]. The obtained learning curve by
definition [84,85] tends to develop a relationship between the cumu-
lative market size and the production cost of the CSHPSS plant (Eq.
(21)).
=C x C x x
x
( ) ( )t o t
o
b
(21)
Here C(xt) is the marginal cost of the CSHPSS plant production (x) at
a specific time t, C(xo) is the cost production at the reference point (xo),
and b is the learning parameter which is estimated based on the frac-
tional reduction in the CSHPSS plant cost represented by the learning
rate (LR). The values for the LR are estimated based on the stated re-
commendation in the European Energy Scenario [83]. In addition to the
market projection for the next decade, several specific annual figures
can be assigned so the CSHPSS cost reduction can be anticipated on a
chronological index.
3.3. Optimization procedure
The main goal of the optimization procedure is to simultaneously
reduce the total cost of the plant (NPC) and its environmental impact
(RCP) while still satisfying the technical requirements. The decision
variables in our model are the area of solar collectors (ACOL), and the
volume of the seasonal storage tank (VSST), the dimensions of the other
equipment units are related to the decision variables through mathe-
matical equations. It is worth noting that our methodology is general
enough to incorporate additional decision variables.
The developed TRNSYS model is connected to the GenOpt optimi-
zation toolbox, which integrates several predefined optimization algo-
rithms. The general mathematical representation of the simulation-
optimization model can be seen below:
=f x f xh x
x x x
x
min{ ( ), ( )}
s.t. ( ) 0
x
L U
1 2
(M1)
where f1(x) and f2(x) are the objective functions, in this case net present
cost, NPC(x), and ReCiPe 2008 aggregated impact factor, RCP(x);
x denotes the continuous variables of the simulation model, which can
vary between their lower and upper bounds xL and xU, respectively. The
equality constraints h(x)= 0, which correspond to mass and energy
balances as well as thermodynamic correlations, are implicitly solved in
TRNSYS.
The correct technical performance of the model during the optimi-
zation process is achieved by implementing a constraint to model M1.
This constraint must maintain the global annual solar fraction of the
system (SF) above 50% for all the optimized solutions. The modified
simulation-optimization model which includes the big-M reformulation
[86] is shown next:+ +=f x y M f x y Mh x
x x x
x
y y
min{ ( ) · , ( ) · }
s.t. ( ) 0
, {0, 1}
x
L U
1 1 1 2 2 2
1 2 (M2)
where y1 and y2 are the binary variables which are activated when the
SF is lower than 50%, M1 and M2 are the big-M values corresponding to
each objective function. The tightest values for the big-M are approxi-
mated using Eq. (22), where Mc stands for big-M values implemented in
model M2.= =M f x x x x cmax{ ( )| } 1, 2c c L U (22)
The solution of the multi-objective problem introduced in model M2
provides a set of Pareto points, which represent the optimal trade-off
between economic and environmental objectives. The extreme points of
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this Pareto frontier are the so-called anchor points, which correspond to
the individual minimum of each objective. The Pareto solutions are
calculated here via the weighted-sum method [87], which relies on
formulating an auxiliary single-objective model that optimizes a linear
weighted-sum (WS) of the original objectives (M3). Note that the
weighted-sum method cannot generate solutions lying on the non-
convex part of the Pareto set.= +=WS f x f xh x
x x x
x
min (1 ) ¯ ( ) ¯ ( )
s.t. ( ) 0
0 1
,
x
L U
1 2
(M3)
Here, f̅1(x) and f̅2(x) are the normalized objectives with the im-
plemented big-M reformulation, and λ is the non-negative weight given
to f̅2(x), i.e., the normalized RCP(x) function. We normalize the objec-
tives as shown below:
= =f x f x f
f f
c¯ ( )
( )
1, 2c
c c
UT
c
PN
c
UT (23)
where fcUT denotes the cth coordinate of the utopia points and fcPN de-
notes the cth coordinate of the pseudo nadir point. These points, fcUT and
fcPN, are the anchor points.
The solution procedure was integrated via MATLAB routine de-
signed to speed up the optimization process. The routine would launch
several GenOpt toolboxes or start TRNSYS simulations whenever re-
quired.
The procedure starts with the determination of the anchor points.
To obtain the individual minimum of the RCP(x) function, M3 is solved
for λ=1. Next, to determine the individual minimum of the NPC(x)
function, M3 is solved for λ=0. The two previous cases run simulta-
neously sharing all the available RAM of the computer. Once the anchor
points are identified, the WS normalization is performed. Afterward,
M3 is solved a finite number of times for different weight values be-
tween 0 and 1 (see details in Fig. 4) to generate the desired number of
Pareto points. The MATLAB routine launches simultaneously various
optimizations with different λ weights until there is no available
memory. Once all the memory slots are occupied, the routine is halted
until necessary RAM is liberated and then the next points are launched.
The procedure ends with the display of the full Pareto frontier after all
the optimization runs have met the termination criteria.
3.3.1. Optimization algorithm
To perform the separate single-objective optimization steps we used
a hybrid metaheuristic optimization algorithm [55], known as the
Generalized Pattern Search algorithm with Particle Swarm Optimiza-
tion with Construction Coefficient and Hooke-Jeeves (GPSPSOCCHJ).
This algorithm uses the combined benefits of the Particle Swarm Op-
timization (PSO) algorithm [88,89] and the Hooke-Jeeves (HJ) algo-
rithm [90]. The details of this hybrid metaheuristic algorithm are dis-
cussed in Wetter [55].
The PSO algorithm is in charge of performing a global search over
the feasible space of possible solutions. Since PSO is a population-based
probabilistic algorithm, it generates several particles uniformly scat-
tered over the feasible space, where each of the particles is a potential
optimal solution. These potential solutions are obtained by performing
runs with randomly generated values for the decision variables. On the
other hand, the HJ is a local generalized pattern search algorithm, and
it explores the feasible space following paths of potential minimization
of the objective function. The best particle found by PSO, the potential
optimal solution, is used as a starting point for the HJ algorithm, which
exhaustively explores its neighborhood in an attempt to improve the
solution. In order to reduce the probability of falling in a local op-
timum, we included multiple starts of the HJ algorithm.
This combined PSO-HJ architecture is used to avoid possible local
optimal solutions which may exist due to the nonconvex nature of the
problem. Note that our methodology is not limited to be used only with
GPSPSOCCHJ algorithm; any other algorithm can be easily im-
plemented.
4. Case studies (four EU climate zones)
In this section, the proposed methodology procedure was applied to
four climatic zones in Europe. The objective is to assess the feasibility of
the CSHPSS plant in the residential sector of these countries in techno-
economic and environmental terms.
The CSHPSS plant is connected to a reference residential neigh-
borhood community of 1120 apartments [44] which is placed in var-
ious European countries. Each apartment of this neighborhood
Fig. 4. Flowchart of the solution procedure performed in MATLAB environ-
ment, where NPP is the number of points of the Pareto frontier specified by the
user.
V. Tulus et al. Applied Energy 236 (2019) 318–339
326
community has a useful area of 90m2 [91]. The buildings are equipped
with a radiant underfloor heating system and a domestic hot water
system in order to meet the SH and DHW demand at 50 °C and 60 °C,
respectively. The CSHPSS model validation is performed based on the
implemented work by Guadalfajara et al. [61] and Tulus et al. [44].
Besides, a boiler fueled with natural gas is considered as a base case
for comparison purposes. This conventional system is designed to sa-
tisfy the heating and DHW demand alone independently on the CSHPSS
plant.
4.1. Specifications of the simulation model
A field of flat plate solar collectors supplies thermal heat to the
CSHPSS model. These collectors are coupled in series and oriented to
the south with a specific inclination based on the respective latitude of
the cities [92] as shown in Table 1. The primary working fluid in the
solar field circuit is a 67/33w/w mixture of a water-glycol solution with
a flow rate of 20 kg/h·m2. Whereas the other three circuits (seasonal
storage, SH distribution, DHW distribution circuits) are operated with
water.
A partially buried tank with a cylindrical cross-section is used for a
seasonal storage purpose. This tank has a fixed height to diameter ratio
of 0.6, insulated with 0.5m of extruded polystyrene and divided into 20
equally stratified levels. On the other hand, the DHW tank is relatively
small since it covers only the daily DHW service. The DHWT has a
height to diameter ratio of 1.7 with ten equally stratified levels.
Natural gas boilers with 93% efficiency are utilized as auxiliary
heaters in both the SH and DHW distribution circuits. The boilers are
designed to satisfy up to 100% of the heat demand when required.
The TRNSYS simulation predicts the transient response of the
CSHPSS plant based on a simulation time step of 15min. The system
evaluation was performed over three years of simulation (28,260 h).
Then the performance of the third year was extrapolated over the total
lifetime of the CSHPSS plant. Due to initial homogeneity assumption of
30 °C inside the storage tanks, the first two years of simulation were
performed to eliminate the initial assumption effect. The lifetime of the
CSHPSS is 40 years [93]. However, the solar collectors, the DHWT, the
heat exchanger, and the auxiliary heaters need to be replaced after
20 years of operation, while the lifespan of the SST is considered to
reach 80 years [94].
4.2. Meteorological data
Various climate zones were selected in order to evaluate the appli-
cation performance of the CSHPSS plants in the EU. In Europe, the
climate can be categorized into three major climate types [95,96]:
Mediterranean climate, central European climate, and Nordic climate.
Four cities were selected to represent these major climatic types:
• Mediterranean climate: Madrid and Athens represent this climatic
type with the difference in the daylight hours, the daily ambient
temperature and the humidity due to their geographical location.
Madrid is considered a Continental Mediterranean climate, while
Athens is considered a Mediterranean climate.• Central European climate: Berlin is selected as representative for
this climate type. In comparison with the Mediterranean climate, a
moderate reduction in the ambient temperature and daylight hours
is noticed.• Nordic climate: Helsinki is chosen as an example of this climate
type. This type of weather is elected as an opposite to the
Mediterranean climate with a drastic reduction in both the ambient
temperature and the daylight hours.
The geographic information including the latitude and the solar
collector inclination angle for the four cities are illustrated in Table 1,
whereas the climate conditions of the four cities including the average
ambient temperature and the annual incident solar radiation per area
are extracted from the EnergyPlus database [97] as shown in Fig. 5.
Several parameters need to be defined based on the climate condi-
tions of the cities. These parameters include the SH and DHW con-
sumption, the economic [98] and the environmental [99] data which
are defined in the following sections.
4.3. Space heating and DHW profiles
The heating demand for the residential neighborhood community
follows Guadalfajara et al. [61] and Tulus et al. [44] studies. A 3-D
building model was generated using a graphical tool SketchUp [100]
and imported into the TRNSYS model. In TRNSYS, the occupation
profiles of the apartments and physical properties of the construction
materials were included. A typical hourly heating load over a year of
operation depending on the climatic conditions of the city was simu-
lated in this TRNSYS building model. These data were then extra-
polated to the whole neighborhood of 40 buildings (see the profiles in
Fig. 6).
The DHW demand for the residential neighborhood community
depends on four main factors which comprise:
• The daily water consumption per person: Ahmed et al. [101] in-
dicated that water consumption is highly dependent on the geo-
graphical location. Therefore, DHW consumption has a high level of
diversity from one city to another. The DHW consumption per capita
is 28, 30, 35, and 35 L/capita·day in Madrid, Athens, Berlin, and
Helsinki, respectively [102].• Monthly water temperature from the public distribution network:
The water temperature was calculated depending on the city and the
month of the year using EnergyPlus database [97].• The number of people living in each household: The DHW con-
sumption is dependent on the people/property value, and it is
considered as a constant value (4 people/property) referring to the
European average [103,104].
Table 1
Latitudes and relative inclination angles of the solar collectors in the four
European cities taken as representatives for the different EU climate zones.
City Latitude (°) Inclination angle (°)
Madrid 40 50
Athens 37 50
Berlin 52 60
Helsinki 60 70
Fig. 5. Climatic conditions in the four European cities taken as representatives
for the different EU climate zones.
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The daily DHW consumption profiles are simulated using computer
software, DHWcalc [105]. This software assists in developing a realistic
and detailed hourly DHW consumption profiles with consideration for the
main factors controlling the DHW demand (see the profiles in Fig. 6).
4.4. Economic and environmental data
The parameters for the initial purchase cost estimation of the main
equipment units of the CSHPSS are summarized in Table 2 following
Tulus et al. [44], while the operational cost is estimated at 1.5% of the
initial purchase cost based on Kalogirou [66] recommendation. The
cost for both the electricity and natural gas are dependent on the
country policies. Therefore, the electricity and natural gas costs were
extracted from the EUROSTAT database [98] and summarized in
Table 4. Furthermore, the inflation rate associated with the price of
these power resources is set to 5%, and 5.9% for the electricity and
natural gas, respectively [44]. Additionally, the inflation rate associated
with the proposed system during its life cycle is set to 2.3% [106], while
the annual discount rate is set to 3.5% [107].
The LCA data are retrieved from the Ecoinvent database [99]. These
data include the impact of various CSHPSS equipment units (Table 3)
and utilities (Table 4) based on the ReCiPe 2008 methodology.
The pollution associated with the extraction of natural gas from the
underground reserves should be limited in the proposed system. On the
other hand, the pollution associated with the electricity generation is highly
dependent on the electricity mix of the specific country. Therefore, the
natural gas environmental impact is considered the same for the selected
cities, while the electricity impacts are variable, as indicated in Table 4.
4.5. Future market development data
By the end of 2016, the cumulative capacity of the installed solar
heating systems in Europe increased by 2.6% compared to the previous
year to achieve a total installed capacity of 34.5 GWth. Germany has the
lead in the solar heating systems installation in Europe where a 0.52 GWth
within 2016 was added to a total capacity of 13.14 GWth. Elsewhere in
Europe, Spain added a 0.146 GWth to achieve a total capacity of 2.4 GWth,
whereas Greece and Finland added 0.19 GWth and 0.0028 GWth [14].
The future market of the CSHPSS based on an in-depth analysis of solar
heating energy systems from the technical, social and political perspec-
tives, shows different expansion scenarios for this technology in Europe.
Greenpeace international [108] proposed the EU 27 energy scenario for
the CSHPSS expansion up to the year 2030 as shown in Table 5.
Besides, the natural gas price trends are assumed to increase in a
moderated manner based on the recommendations of the Federal
Ministry of Environment of Germany [109] (see Table 5). These trends
are motivated by the shortage in the CO2 allowance [110].
The forecast cost for the CSHPSS technology can be generated based
on the observed historical learning rate of solar thermal collector sys-
tems over the forecasted period between 2020 and 2030. The learning
rate of such systems is 0.90 according to Greenpeace international [83].
5. Results and discussions
In this study, the results are presented in four main parts. The first
part depicts the behavior of CSHPSS in one of the proposed EU climate
zones. Then, in the second part, the discussion is extended to the other
three cities. These two parts provide a detailed analysis of techno-
economic and environmental characteristics based on a set of Pareto
Fig. 6. Annual space heating and DHW demand profiles in the four European
cities taken as representatives for the different EU climate zones.
Table 2
Purchase cost parameters of the CSHPSS equipment units [44].
Unit αk βk CAPk Range Base year FBMk
Solar collector 974.2 0.8330 Aperture area (m2) 4000–15,000m2 2007 1.00
Storage tank 3955 0.6500 Volume (m3) 1–100,000m3 2007 1.00
Auxiliary heater 225.0 0.7460 Duty (kW) 600–10,000 kW 2001 2.10
Heat exchanger 3.133 −0.3310 Exchange area (m2) 10–1000m2 2001 3.29
Pump (P1, P2) 389.0 −283.2 Mass flow rate (kg/h) 15,000–100,000 kg/h 2009 3.24
Pump (P3, P4) 389.0 717.0 Mass flow rate (kg/h) 15,000–100,000 kg/h 2009 3.24
Table 3
Aggregated ReCiPe 2008 impact factor for the CSHPSS equipment units, in
ReCiPe points (Pt) per characteristic dimension.
Unit ReCiPe 2008 impact factor (final score)
Solar collector 17.0 Pt/m2
Storage tank 117 Pt/m3
Auxiliary boiler 1.57 · 103 Pt/unit
Heat exchanger 9.00 Pt/m2
Pump 82.0 Pt/unit
Table 4
Specific costs and aggregated ReCiPe 2008 impact factors for the utilities in the
four European cities taken as representatives for the different EU climate zones.
City Electricity Natural gas
Cost (€/kWh) Impact (Pt/kWh) Cost (€/kWh) Impact (Pt/kWh)
Madrid 0.101 0.0357 0.0294 0.0230
Athens 0.0862 0.0193 0.0242 0.0230
Berlin 0.0761 0.0529 0.0277 0.0230
Helsinki 0.0596 0.0261 0.0296 0.0230
Table 5
Estimated growth of CSHPSS installed capacity according to Greenpeace
International and projected increase of the natural gas price up to 2030.
Parameter 2017 2020 2025 2030
Total installed capacity (GWth) 34.50 40.66 52.77 67.16
Average EU natural gas price (€/kWh) 0.02700 0.03200 0.03415 0.03630
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optimal solutions in comparison to a conventional heating system
fueled by natural gas (base case). Next, the main results are expressed
along with an appropriate sensitivity analysis for the proposed optimal
solutions of the system. Finally, the market projection forecast for the
CSHPSS is portrayed using historical learning rates.
5.1. Application analysis (Madrid case study)
The capabilities of the formulated multi-objective optimization
model are illustrated through Madrid case study that addresses the
design of CSHPSS in the Mediterranean EU climate zone. A set of op-
timal solutions that define the Pareto frontier are obtained as a result of
the optimization process (see Fig. 7). Each point of the Pareto front
comprises a defined configuration of the CSHPSS plant under a set of
operational conditions. The average computation time for the anchor
points was 15,700 CPU seconds (8 execution units of 2.0 GB RAM each
for every anchor point, optimizing both simultaneously) and 47,000
CPU seconds for the intermediate Pareto solutions (2 execution units of
2.0 GB RAM each for every intermediate point, optimizing all of them
simultaneously) using an Intel® Xeon® E5-2620 v4 2.10 GHz processor
with 32.0 GB RAM.
As observed in Fig. 7, there is a clear trade-off between the proposed
objective functions since the reduction in the environmental impact can
be only achieved through an increment in the expenses of the CSHPSS
plant. The projected optimal solutions, following our methodological
framework, visibly improve the environmental impact in comparison to
the base case. Point A and B are the optimal design Pareto points with
minimum cost and impact, respectively. Note that these points consider
the integration of solar thermal energy storage. Replacing the base case
with a CSHPSS plant following point A configuration can reduce the
environmental impact by 81.1%, whereas point B reduces it even more,
by 86.5%. On the other hand, the Pareto optimal systems could not
provide a marginal economic reduction compared to the base case. The
installation of a CSHPSS in these cases corresponds to an increase in the
cost of approximately 1% and 6.1% in A and B cases, respectively
compared to the base case.
In the optimal minimum cost solution (point A), the NPC is equal to
52.6 €/MWh which is smaller than solution B by 4.7%, whereas in the
minimum impact solution (point B), the RCP is 3.34 Pt/MWh which is
smaller than solution A by 28.6%. Besides, point C embodies one
possible intermediate Pareto optimal solution where the NPC is equal to
53.3 €/MWh, and the RCP reaches 3.6 Pt/MWh, this intermediate point
increases the economic cost by 1.25% compared to the point A, but
simultaneously reduces the environmental impact by 23.1%. It is worth
noting that point C is selected as an example solution for comparison
purposes. Likewise, any other intermediate solution could be selected
since all of them are Pareto optimal.
Following that, each point in the Pareto set represents a different
configuration of the CSHPSS plant. The proposed methodology offers
the possibility to perform a detailed analysis of any Pareto optimal
solution. Here we analyzed the anchor points (point A and B) from the
economic and environmental perspectives comparing them to the base
case.
5.1.1. Economic cost analysis
To facilitate detailed economic analysis, Fig. 8 provides a compre-
hensive breakdown of the cost contribution of each parameter for the
Fig. 7. Pareto set of optimal solutions for the CSHPSS in Madrid which covers
7654 MWh/year of combined SH and DHW demand during its lifetime. Anchor
point A is the minimum cost solution, anchor point B is the minimum impact
solution, and the intermediate point C is one of the trade-off solutions with
λ=0.44 (weight) given to the normalized environmental impact objective
function, the RCP(x); the base case represents a natural gas heating system.
Fig. 8. Distribution of the net present costs of two Pareto optimal solutions
(point A and B in Fig. 7) for the CSHPSS in Madrid which covers 7654 MWh/
year of combined SH and DHW demand during its lifetime and the base case,
which represents a natural gas heating system.
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Pareto optimal solutions A and B during their operation life together
with the base case solution. In this figure, the initial capital cost, as-
sociated with both A and B solutions, has a significant contribution
compared to the base case. This contribution is 49.06% and 52.4% in
solution A and B, respectively, whereas in the base case, it is only
2.73%. This marginal capital cost contribution is commonly arisen in
the CSHPSS plants due to the deployment of the solar energy in a dis-
trict heating field which requires a high investment cost [22]. To be
more specific, the solar collectors and SST represent 28.24% and
30.52% of the capital cost for the Pareto optimal solution A and B,
respectively. The minimum cost solution (A) has solar collector field of
6888m2 and SST of 65784m3, whereas the minimum impact solution
(B) has solar collector field 8802m2 and SST of 74322m3. Since the
DHWT is used only for the daily services without seasonal storage, it
represents almost about 4.5% of the initial capital cost in both the
Pareto optimal solution A and B with a tank size of 109.6m3. The same
behavior was noticed for replacement cost which represents 19.4% and
21.3% in solution A and B compared to only 1.88% in the base case. On
the contrary, the operational cost has a predominant contribution of
95.4% in the base case compared to 31.5% and 26.3% in the optimal
solutions A and B, respectively. Such a high operational cost is due to
the dependency of the base case on natural gas cost. In general, solution
A and B have a similar distribution for the NPC components. However,
the minimum cost solution (A) has a slightly higher contribution of
6.9% for the natural gas compared to the minimum impact solution
with only 0.27% which will be reflected in the environmental impact
analysis.
5.1.2. Environmental impact analysis
As shown in Fig. 9, solution A and B success in declining the en-
vironmental impact up to 7 times compared to the base case due to the
deployment of the solar water heating systems and the saving of non-
renewable energy systems (i.e., natural gas and electricity). In the base
case, the natural gas represents almost 100% of the environmental
damage (1.88 · 105 Pt). While this contribution is reduced to 38.8%
(1.39 · 104 Pt) in the minimum cost solution (A) and it becomes almost
negligible in the minimum impact solution (B) where it counts only for
2.20% (5.60 · 102 Pt).
Following the economic analysis of the anchor points (A and B), the
solar collector and the SST share most of the contribution to the total
environmental impact [63]. In solution A, the solar collector counts for
16.7% of the total damage to the environment, whereas this fraction
increases up to 30% in the solution B due to the limitation of using
natural gas as the primary fuel. On the other hand, the impact fraction
of the SST represents 37.9% in solution A, and it increases to 57.7% in
solution B.
As the latest highlight, the impact of the heat exchangers increased
by 40.1% from solution A to B. This is due to the further deployment of
the solar collectors in the minimum impact solution (B), and subse-
quently extra supplement of heat exchange is required to cover the
additional solar energy.
5.1.3. Energy analysis of an intermediate Pareto optimal solution (C)
The thermal performance characteristics of the optimized CSHPSS
plant configuration based on the proposed methodological framework
is presented through an intermediate Pareto optimal solution (point C
in Fig. 7). This solution is designed to fulfill a total SH and DHW de-
mand of approximately 6555 MWh/year and 1099 MWh/year, re-
spectively. Note that any other intermediate point in the proposed
Pareto set would be similarly comparable in this analysis.
As shown in Fig. 10, the monthly amount of SH and DHW demands
are mainly covered by the solar collectors and the thermal energy
stored in the SST and the DHWT. In Fig. 10 the energy supplied by the
CSHPSS plant is represented as a positive input, whereas the energy
stored in the SST is depicted as a negative input.
In summer and autumn seasons (i.e., April to October), when the
solar radiation is relatively high, and the SH demand is small, most of
the provided energy from the solar collectors are directly stored into the
SST, and the remaining is utilized to cover the instant heating demand.
On the contrary, the solar radiation decreases, and the heating load
significantly increases during the winter season (i.e., November to
January), therefore the total demand is covered through a combination
of the energy supplied by the DHWT, the solar collectors and the stored
energy in the SST. Moreover, in extreme cases when the proposed solar
system fails in fulfilling the required heating demand, the auxiliary
heaters fueled by natural gas deliver the necessary energy. These cases
happen during February and March where most of the stored energy in
the SST is already discharged during the coldest months. This can be
reflected in the solar fraction of the distribution circuits during these
months. In February, the solar fraction declines by 5.84% and 1.22% for
the SH and DHW circuits, respectively. While in March, this value
changes a bit for the DHW distribution circuit and the solar fraction
increases by only 2.81% due to the increment in the solar radiation. On
the other hand, the solar fraction for the SH circuit keep deteriorating,
and it drops by 10.1% due to the absence of the seasonal storage and
the limited direct energy provided by the solar collectors.
5.2. Application analysis on the selected climate zones in the EU
Following Madrid case analysis combined with the main objective of
assessing the CSHPSS plant feasibility in the residential sector at var-
ious climate zones in the EU, the proposed methodological framework
correspondingly based on the multi-objective approach is applied to
optimize the cost against an aggregated environmental metric in
Fig. 9. Distribution of the aggregated ReCiPe 2008 environmental impact of
two Pareto optimal solutions (point A and B in Fig. 7) for the CSHPSS in Madrid
which covers 7654 MWh/year of combined SH and DHW demand during its
lifetime and the base case, which represents a natural gas heating system.
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Athens, Berlin and Helsinki as a representative for the Mediterranean,
central European, and Nordic climates, respectively. The problem is
formulated to cover annual SH and DHW demands of 4661 MWh,
14,180 MWh, and 20,896 MWh for Athens, Berlin, and Helsinki, re-
spectively.
As shown in Fig. 11, a clear trend is observed for the deployment of
the CSHPSS which causes a rise in the economic cost under various EU
climate zones compared to the base cases. The optimal economic so-
lutions in the nominated locations depend on several factors including
the climate condition, the heating demand, and the natural gas and
electricity prices. In Athens, the NPC in the minimum cost and impact
optimal points have been raised by 33.3% and 50.8%, respectively
compared to their base case. This high growth is due to the low cost of
non-renewable energy resources in Athens compared to Madrid. Fol-
lowing the observed tendency in Athens, the NPC in Berlin case raised
by 16.9% and 25.3% compared to their base case. On the other hand,
the NPC increase only by 3.12% and 8.11% in Helsinki due to several
factors including, the high price of natural gas and electricity, and the
high heating demand.
The optimal environmental solutions for the four locations follows
the minimum impact solution of Madrid case where the RCP improves
by 84.7%, 82.1%, and 82.9% for Athens, Berlin, and Helsinki cases,
respectively. The same tendency was found for Berlin and Helsinki at
the minimum cost solution since the RCP improved by 71.3% and
77.9% for Berlin and Helsinki. On contrary, the low natural gas and
electricity prices in Athens restrict substantial improvement in the RCP,
and it is improved only by 42.9%. This marginal improvement in the
minimum cost optimal solution of Athens case will be mirrored in its
breakdown for the NPC and RCP.
5.2.1. Economic cost analysis for the EU climate zones
Fig. 12 shows a comprehensive breakdown of the NPC of various
CSHPSS plants during their lifetime under different EU climate zones.
Similar contributions can be observed for each component of the NPC
comparing among Madrid, Berlin and Helsinki cases. Furthermore, the
results show that the capital and replacement costs for the presented
optimal solutions (minimum cost and minimum impact) of Berlin and
Helsinki are quite large in comparison to their base cases as mentioned
in Madrid case study. Moreover, the results confirm the dependency of
the CSHPSS plant configuration on the heating demand where the ca-
pital and replacement costs ascending increases with the heating de-
mand based on the climate zone [48] as shown in Madrid, Berlin, and
Fig. 11. Pareto sets of optimal solutions for CSHPSS plants in various EU climate zones covering specific SH and DHW yearly demands; the base cases represent
natural gas heating systems.
Fig. 10. Annual thermal energy profiles of an intermediate Pareto optimal solution (point C in Fig. 7) for the CSHPSS in Madrid which covers 7654 MWh/year of
combined SH and DHW demand during its lifetime.
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Helsinki, respectively.
On the contrary, the low heating demand combined with the low
prices for the natural gas and electricity in Athens contribute to change
the distribution for the NPC of the minimum cost optimal solution in
this Mediterranean zone. The operational cost has a significant con-
tribution of 48.9% compared to only 35.1% of the initial capital cost
and 16% of the replacement cost. This is due to the dependency of the
system on natural gas which almost represents 69.6% of the operational
cost and the limited involvement for the solar water heating system.
More precisely, the solar collectors and SST represent only 15.7% and
of the initial capital and 27.2% of the replacement costs. In term of the
renewable energy equipment sizing at the proposed climate zones,
Table 6 shows a summary for the proposed sizing the renewable energy
equipment based on the Pareto optimal solution in various EU climate
zones. It is noticed that for all the minimum impact optimum solutions
under different EU climate zones, the ratio between the SST volume and
the solar collector field area is around 8 ± 0.5m3/m2 for the minimum
impact solutions based on the climate zone.
5.2.2. Environmental impact analysis for the EU climate zones
Fig. 13 shows a breakdown for the environmental impact into its
categories for the minimum cost and impact Pareto optimal solutions of a
CSHPSS plant under different climate zones in comparison with its base
case. The results follow the environmental impact breakdown of Madrid
where the optimal solutions can reduce the environmental impact up to
5.5 and 5.8 times for Berlin and Helsinki cases, respectively. In Athens
Fig. 12. Breakdown of the net present cost including the shares of initial capital cost, operational cost, and replacement cost for Pareto optimal anchor solutions
(minimum cost and impact) of CSHPSS plants under different EU climate zones in comparison to their respective base cases.
Table 6
Optimal CSHPSS equipment sizing of the Pareto anchor solutions in different EU climate zones.
City Optimal solution Area of solar collectors (103 m2) Volume of seasonal storage tank (103 m3) Volume of domestic hot water tank (m3) VSST/ACOL ratio (m3/m2)
Madrid A 6.888 65.78 109.7 9.55
B 8.802 74.32 109.7 8.44
Athens A 2.097 15.25 117.6 7.27
B 5.593 44.39 117.6 7.94
Berlin A 21.00 149.2 137.2 7.10
B 25.50 198.0 137.0 7.76
Helsinki A 32.91 230.4 168.5 7.00
B 38.13 287.9 168.5 7.55
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case, the minimum cost optimal solution reduces the environmental
impact only by 1.75 times. This relatively small reduction is due to the
significant contribution of the natural gas (5.7 · 104 Pt) which represents
almost 87.5% of the total environmental impact.
Following the environmental impact in Madrid case, the solar col-
lector and SST are the main contributor to the total environmental
impact in the minimum cost optimal solution with a contribution of
39.6%, and 52.7% in Berlin and Helsinki, respectively. This contribu-
tion increases significantly for the minimum impact optimum solutions,
where they share 87.2%, 80.2%, and 78.9% in Athens, Berlin and
Helsinki solutions, respectively.
5.2.3. Energy analysis for the EU climate zones
Following the energy analysis in Madrid case study, an intermediate
Pareto optimal solution with λ=0.44 is presented to evaluate the
thermal performance of the CSHPSS plant in different EU climate zones
as shown in Fig. 14.
Based on the limitation of the solar heating system in covering the
heating demand during several months in Berlin and Helsinki, the AUX1
operated from February until April due to the full discharging of the
SST during the winter period. Furthermore, the AUX2 almost operates
throughout the year except the summer months (June to August) for
these climates since the DHW tank is designed to cover only the daily
services. In Athens, limited seasonal storage is projected between April
and October where high solar radiation and low heating demand are
observed due to the Mediterranean weather conditions (see Figs. 5 and
6). This limited heating demand reduces the usage of auxiliary heaters
throughout the whole year.
Based on normalizing the technical performance of the CSHPSS
plant, the solar fraction was presented, and its minimum value was
noticed during January and March for the DHW and SH circuits, re-
spectively. In the DHW distribution circuit, the solar fraction is 62.1%
and 47.5% for Berlin and Helsinki, respectively. While the solar fraction
for the SH distribution circuit becomes 74.1% and 84.5% in Berlin and
Helsinki, respectively. On the other hand, due to the low price of nat-
ural gas in Athens in comparison to the other EU countries, an extensive
usage for the auxiliary heaters in March is shown where the solar
fraction has reduced to 54.6% for the SH circuit and sustain around
98.7% for DHW circuit due to low DHW heating demand. Even though
the literature shows a high variation in the solar fraction when the
CSHPSS plants introduced under different climate zones, the proposed
methodological framework succeeds in reducing the solar fraction
variation when introduced in various climate zones as shown in
Table 7. In the SH distribution circuit, which has a substantial con-
tribution to the life cycle of the CSHPSS plant, the solar fraction never
goes below than 90% for different EU climate zones. While due to the
DHW distribution circuit functionally in covering only the daily ser-
vices, the solar fraction diminishes up to 74.7% in Helsinki due the high
demand in the winter period.
Remarking that the proposed optimal solutions for the CSHPSS
plants in different EU climate zones are high sensitivity for their geo-
graphical locations and economic parameters comprise energy prices.
Therefore, the influence of the most relevant economic parameters
Fig. 13. Breakdown of the aggregated ReCiPe 2008 environmental impact of
Pareto optimal anchor solutions (minimum cost and impact) of CSHPSS plants
under different EU climate zones in comparison to their respective base cases.
Fig. 14. Annual thermal energy profiles of intermediate Pareto optimal solutions with λ=0.44 in various EU climate zones covering specific SH and DHW demands.
Table 7
Annual space heating (SH) and domestic hot water (DHW) solar fractions of
intermediate Pareto optimal solutions with λ=0.44 in various EU climate
zones.
City SFSH (%) SFDHW (%)
Madrid 97.8 98.9
Athens 90.1 97.4
Berlin 95.2 84.9
Helsinki 97.5 74.7
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should be assessed in a sensitivity analysis to give an estimate for the
uncertainty associated with the results.
5.3. Sensitivity analysis for the methodological framework
A sensitivity analysis for the most critical economic parameters is
implemented to understand their influence on both the NPC and RCP
objective functions. This analysis is carried out based on One-factor-at-
a-time (OFAT) approach [111] in which each economic parameter is
varied by up to 20% after another in comparison to a reference case.
The Pareto optimal solution (A) of Madrid case study is selected as the
reference case. The assessment includes the influence of the natural gas
price, electricity price, discount rate, inflation rate, investment cost,
operational cost, and replacement cost. The sensitivity analysis not only
comprises the influence of the selected parameters on the NPC and RCP,
but it also proposes a detailed breakdown for the economic cost and the
environmental impact for the influence of each of these parameters.
Aligning with the financial challenges facing the CSHPSS plant,
Fig. 15 shows the sensitivity analysis for a CSHPSS plant configured
based on the optimal solution A (minimum cost) under Madrid climate
zone demonstrates a high dependency for the NPC on the investment
cost followed by the discount rate and the operational cost in which it
can changes up to 9.8%. This change can be explained through the
change in the system configuration where the reduction in the discount
rate and the investment cost aggravate a slight more dependency on
using renewable energy sources. Furthermore, a non-linear effect for
both the natural gas price and the discount rate is noticed. The NPC
changes by 1.02% and 2.05% for increasing and decreasing the NPC by
20%, respectively. On the hand, the NPC increases by 7.49% for de-
creasing the discount rate by 20%, whereas it decreases only by 4.30%
for increasing the discount rate by 20%. The inflation rate and the re-
placement cost have a limited contribution to the NPC since it changes
only by 3.8% for both. The electricity price has a minor influence on the
NPC since it has a marginal share of the total cost in the reference case.
Fig. 16 (to the left of the reference case) shows a breakdown for
reducing the economic parameters of the optimal solution A by 20%
where each component of the bar comprises the share percentage of a
certain cost parameter in the NPC breakdown. The NPC breakdown
shows the changes in the system configuration due to the reduction in
the natural gas price. This reduction intends to propose the natural gas
usage as a visible solution instead of the solar water heating system in
covering the heating demand. Therefore, a large share of 38% is ob-
served when the natural gas price decrease 20%, respectively. On the
contrary, the natural gas in the reference case shares only 6.89%.
Furthermore, the large share of natural gas reduces the use of solar
collectors to only 11.9% and the SST to 9.87%, whereas the reference
case shares up to 18.4% and 17.9% of the total shared solar collectors
and SST, respectively. For the breakdown of increasing the economic
parameters of the optimal solution A by 20% shown in Fig. 16 (to the
right of the reference case), almost the same pattern is observed for
changing the discount rate and the investment and operational costs
with a slight change in the natural gas share.
Following the sensitivity analysis for the NPC objective function,
Fig. 15. Sensitivity analysis, which shows the effect of different economic
parameters on the net present cost of the optimized minimum cost Pareto so-
lution in Madrid case study (point A in Fig. 7).
Fig. 16. Breakdown of the sensitivity analysis data for Madrid case study shown in Fig. 15, which depicts the distribution of the net present cost components when
the economic parameters are decreased (to the left of the reference case) and increased (to the right of the reference case) by 20%.
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Fig. 17 shows the sensitivity analysis for the RCP when the economic
parameters vary by 20%. Recalling the sharp influence for the natural
gas price in presenting the natural gas usage as a valid solution with a
limited share for the solar collectors and SST, the RCP increases 195.7%
for reducing the natural gas price. Moreover, when this parameter in-
crease 20% and due to the non-linear noticed effect, the RCP decreases
by 12.2%. On the other hand, the discount rate and the investment and
operational costs have a slight effect in the RCP since it increases by
15.14% when the investment cost and discount rate increased by 20%.
While increasing the operational cost promote a reduction in the RCP
by 15.14% due to the slight dependency of using renewable energy
sources.
The dramatic increase in the RCP for the reducing the natural gas
price can be observed in the RCP breakdown which is shown in Fig. 18
(to the left of the reference case). A high dependency is noticed when
using natural gas instead of the solar water heating system where the
natural gas shares 88.4% for varying the natural gas price down 20%,
whereas the natural gas shares only 38.8% in the reference case. On the
other hand, increasing the economic parameters 20% keeps almost the
share for each parameter as the reference case with a marginal change
in the natural gas share when the natural gas increases 20%, as shown
in the RCP breakdown Fig. 18 (to the right of the reference case).
5.4. Discussion and future market development
The future potential of CSHPSS plants in different EU climate zones
is assessed through various Pareto optimal solutions offered by the
proposed methodological framework in which both the techno-eco-
nomic and environmental impact is considered. Generally, the CSHPSS
system succeeded in decreasing the environmental impact in the in-
vestigated climate zones. However, the high investment cost of the
CSHPSS plants compared to the conventional heating systems that use
natural gas as fuel limit the extended benefit of wide-spreading the
CSHPSS plants in different EU climate zones.
This limitation becomes more substantial in Athens (Mediterranean
climate zone) where heating demand is low due to the high solar ra-
diation throughout the year, and the prices of the non-renewable en-
ergy resources are low. However, the growing tendency for the natural
gas price in the EU [109] would positively affect the economic feasi-
bility of the CSHPSS plants in different EU climate zones. Therefore, as
a part of the methodological framework, the future development in the
plant cost with consideration for the actual effect of the technology
deployment is evaluated for the proposed EU climate zones based on
the historically observed learning curves.
As shown in Fig. 19, a clear trade-off for the increment in the
conventional systems price is observed, this price raise associates with a
gradual declination in the CSHPSS plants prices. In the long term, the
CSHPSS plants in various EU climate zones can significantly underprice
the NPC in comparison to the conventional system using natural gas by
2030. This development can significantly assist in improving the com-
petitiveness of the CSHPSS plant as a sustainable alternative solution in
Fig. 17. Sensitivity analysis, which shows the effect of different economic
parameters on the aggregated ReCiPe 2008 environmental impact of the opti-
mized minimum cost Pareto solution in Madrid case study (point A in Fig. 7).
Fig. 18. Breakdown of the sensitivity analysis data for Madrid case study shown in Fig. 17, which depicts the distribution of the aggregated ReCiPe 2008 en-
vironmental impact when the economic parameters are decreased (to the left of the reference case) and increased (to the right of the reference case) by 20%.
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comparison to the conventional systems.
Currently, in Madrid, the CSHPSS plants can cover the heating de-
mand for less than 52.6 €/MWh, whereas its base case covers it at 52.1
€/MWh. With this minor difference, the feasibility of the CSHPSS plant
under Madrid climate conditions can be proved. In 2030, the NPC will
range from 46.3 to 49.9 €/MWh for the CSHPSS while its base case 63.7
€/MWh. In Athens where the CSHPSS plant can cover the heating de-
mand at high price ranged between 59.7 and 67.5 €/MWh. Beyond
2022, the CSHPSS plants will be able to cover the heating demand at a
lower cost than the conventional system, at which the heating demand
is covered at a price of 56.7 to 64.8 €/MWh. The CSHPSS plant in
Athens will continue decreasing to less than 52.5 €/MWh by 2030,
whereas the base case will increase to 65.2 €/MWh. In Berlin, a slight
cost reduction would be available in the CSHPSS plants by 2020 where
the NPC will range from 54.9 to 59.3 €/MWh. By 2030, the CSHPSS
plant NPC drops to 49.9 €/MWh compared to a rise in the NPC of the
base case to 62.9 €/MWh. In Helsinki, the NPC ranges between 53.1
and 55.7 €/MWh, while its base case covers the heating demand at 51.5
€/MWh. These prices embody the CSHPSS plant in Helsinki as a com-
petitive solution due to the high heating demand and high the non-
renewable energy resources prices. By 2030, the NPC is expected to
decrease below 46.7 €/MWh, while its base case continues to increase
up to 62.7 €/MWh.
6. Conclusions
The EU ambitious plan to cut the GHG up to 40% simultaneously
with increasing the share of the renewable energy resource at least 27%
by 2030 encourages the prevalent methodology to quantify the re-
newable energy system’s performance including its economic and en-
vironmental aspects. This work attempts to explore the prospects for
wide-scale deployment of the central solar heating plants coupled with
seasonal storage (CSHPSS) in the residential sector under various EU
climate zones. The proposed methodological framework
correspondingly based on a multi-objective approach which is applied
to optimize the cost and the aggregated environmental metric
throughout the life cycle of the CSHPSS system in comparison to con-
ventional heating systems. In this context, the methodology is applied
to various EU climates comprising Madrid, Athens, Berlin and Helsinki
as representative for the Mediterranean, central European, and Nordic
climates, respectively with consideration for the seasonal and short-
term storage units and their respective load profiles based on the ex-
plored climate zones.
Following the life cycle assessment approach, the calculated optimal
solutions demonstrate an environmental advancement for the CSHPSS
plants at the considered EU climate zones in comparison to a heating
system fueled by natural gas. The minimum impact solutions reduce the
total environmental impact by 86.5%, 84.7%, 82.1%, and 82.9% for
Madrid, Athens, Berlin, and Helsinki cases, respectively. While this
improvement reaches only 42.9% for the climate zone of Athens at the
minimum cost optimal solution due to the dependency on using natural
gas as a competitive solution in comparison to the deployment of the
solar energy equipment. On the other hand, the life cycle cost analysis
shows a clear tendency for increasing the net present cost (NPC) under
various EU climate zones compared to their base cases due to the high
initial capital cost of CSHPSS plants. In the minimum cost solutions, the
NPC raised by 1%, 33.3%, 16.9% and 3.12% for Madrid, Athens, Berlin,
and Helsinki cases, respectively. This increment proofs the dependency
of CSHPSS plants on the climate conditions, the heating demand, and
the prices of non-renewable energy resources.
Furthermore, this raise relatively increases in the minimum impact
solution, and it becomes more substantial in Athens, and Berlin since
the NPC increases by 50.8%, and 25.3% for these cities respectively due
to the low price of natural gas. Recalling the optimal solutions de-
pendency on the design parameters, a detailed sensitivity analysis for
the most relevant economic parameters in Madrid case study is pre-
sented. The sensitivity results aggravate a high dependency of the NPC
of the plant on the natural gas price, the discount rate, the investment
Fig. 19. Forecast projections of the net present costs of optimized CSHPSS plants in different EU climate zones along with their base cases (natural gas heating
systems). The colored areas between A and B anchor points represent the distribution of the Pareto optimal solutions in time, whereas the black dashed lines are the
future projections of the base cases. The vertical color zones show the expected competitiveness of CSHPSS plants compared to the base case, from red (non-
competitive) to green (competitive).
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cost, the operational cost, where decreasing these parameters by 20%
contribute to a significant change in the NPC up to 10%. While the total
environmental impact increases by 196% for the reduction of the nat-
ural gas price by 20%.
Following the challenges facing the CSHPSS in EU member states
include high investment costs and the variation in the technical bene-
fits. The proposed methodological framework successes in reducing this
variation the system performance when introduced in various EU cli-
mate zones. Thus, the yearly solar fraction never goes below than
90.1% in the investigated climate zones where the ratio of seasonal
storage tank volume to solar collector field area is around 8 ± 0.5m3/
m2. From the economic point of view, the future development of the
CSHPSS plant cost based on the historically observed learning curves
combined with the clear tendency for the increment in the natural gas
prices at various EU member states proposes a significant economic
improvement in the competitiveness of the CSHPSS plant in comparison
to the conventional system by 2020. However, the low heating demand
and low prices of the natural gas and electricity in Athens
(Mediterranean climate zone) provokes a limited improvement in the
CSHPSS plant competitiveness until 2022.
In the real application of sizing community solar district heating
network, the present framework can be beneficial for obtaining the
right combination of design variables with maximizing its environ-
mental impact incorporation with eliminating the oversizing system
equipment. Furthermore, the proposed framework initiates a propor-
tional optimal value regarding the seasonal storage tank and solar
collector field of 8 ± 0.5m3/m2 which can serve as a guide for de-
veloping business models or establishing pilot storage plant.
Overall this study provides an effective tool for the techno-economic
and environmental assessment of the CSHPSS at the residential sector
which can be applied to plan its integration into the existing district
heating fields. Furthermore, our study highlights the broad applicability
of using CSHPSS in different EU climate as a sustainable alternative
solution to the conventional systems based on natural gas. Even though
in the real applications, such solar district heating systems are highly
sensitive to the fluctuation in the fossil fuel prices and other economic
parameters. Therefore, the competitiveness cannot be approved
without clear and effective policies based on a longer-term view for the
deployment of renewable energy systems in the EU with a goal of es-
tablishing a more sustainable energy infrastructure.
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